Background: Selenoproteins are important enzymes involved in antioxidant defense, redox homeostasis, and signaling. Results: We report that, in HEK293 cells, several selenoproteins are selectively up-regulated in response to H 2 O 2 treatment. Conclusion: We identify a novel translational control mechanism for selenoproteome regulation. Significance: Antioxidant selenoproteins are regulated by oxidative stress when selenium is limiting.
Selenocysteine is inserted into selenoproteins via the translational recoding of a UGA codon, normally used as a stop signal.
This process depends on the nature of the selenocysteine insertion sequence element located in the 3 UTR of selenoprotein mRNAs, selenium bioavailability, and, possibly, exogenous stimuli. To further understand the function and regulation of selenoproteins in antioxidant defense and redox homeostasis, we investigated how oxidative stress influences selenoprotein expression as a function of different selenium concentrations. We found that selenium supplementation of the culture media, which resulted in a hierarchical up-regulation of selenoproteins, protected HEK293 cells from reactive oxygen species formation. Furthermore, in response to oxidative stress, we identified a selective up-regulation of several selenoproteins involved in antioxidant defense (Gpx1, Gpx4, TR1, SelS, SelK, and Sps2). Interestingly, the response was more efficient when selenium was limiting. Although a modest change in mRNA levels was noted, we identified a novel translational control mechanism stimulated by oxidative stress that is characterized by up-regulation of UGA-selenocysteine recoding efficiency and relocalization of SBP2, selenocysteine-specific elongation factor, and L30 recoding factors from the cytoplasm to the nucleus.
Selenium is an essential trace element implicated in muscular, thyroid, immune, and brain functions (1, 2) . Numerous epidemiological and intervention studies have recognized the link between low levels of selenium in human body fluids and an increased risk of cancers, including prostate, lung, and colon cancer. Selenium is incorporated as selenocysteine, a rare amino acid, into at least 25 human selenoproteins, an essential family of redox enzymes (3) . Many selenoproteins are involved in antioxidant defense, redox homeostasis, and redox signaling through the action of glutathione peroxidase (Gpx1-Gpx6), methionine sulfoxide reductase (MsrB1 or SelX), thioredoxin reductases (TR1-TR3), and endoplasmic reticulum (ER) 3 selenoproteins (Sel15, SelS, SelK, and SelM). Nevertheless, about half of the selenoproteins are without a known function, and the regulation of the selenoproteome in response to oxidative stress remains uncharacterized.
Selenocysteine is cotranslationally inserted by the ribosome using an UGA codon, normally read as a stop signal. The 3Ј UTRs of selenoprotein mRNAs contain a secondary structure called the selenocysteine insertion sequence (SECIS) element. The SECIS controls the faithful recoding of the UGA codon as selenocysteine, thereby preventing the formation of truncated proteins (for reviews, see Refs. 2, 4 -7) . Two categories of recoding factors have been characterized as components of the selenocysteine insertion machinery, including tRNA Sec binding proteins (selenocysteine-specific elongation factor (EFsec), SECp43, O-phosphoseryl-tRNA(Sec) kinase (PSTK), and selenocysteine synthase (8 -13) ) and SECIS binding proteins (SECIS binding protein 2 (SBP2), ribosomal protein L30 (rpL30), translation initiation factor 4A3 (eIF4A3), and nucleolin (14 -17) ). However, despite much effort, the precise mechanism of selenoprotein synthesis and regulation remains elusive. Many studies have shown that selenium levels differentially control the expression of the selenoproteome in mammals and cultured cells. This regulation occurs moderately at the level of mRNA transcription/stability, but mostly during translation, to maintain essential selenoproteins at the expense of the others (18 -21) . This has been particularly described for Gpx1 and Gpx4, two members of the Gpx family that are ubiquitously expressed. Gpx1 expression was more affected than Gpx4 by selenium availability (22) , essentially via a translational control mechanism (23) . We established HEK293 cell lines stably expressing luciferase-SECIS constructs to quantitatively evaluate the translational regulation of selenoprotein expression (23, 24) . Indeed, we demonstrated that, in response to selenium level variations, selenocysteine insertion was driven by the nature of the SECIS element. To date, no stimulus other than selenium has been shown to stimulate selenoprotein expression.
Reactive oxygen species (ROS) are generated either endogenously during cellular metabolism, mostly by mitochondria, or exogenously from environmental stress. ROS are also emerging as essential signaling molecules at low concentrations that transduce signals from the mitochondrial compartment to other compartments of the cell. To maintain ROS homeostasis, cells possess enzymatic antioxidant systems such as Gpxs, TRs, catalase, superoxide dismutase, and non-enzymatic antioxidant systems, including glutathione (GSH), vitamin E, and ascorbate. Among the selenoproteins, the Gpxs are implicated in the elimination of peroxides, whereas the TRs are critical for many cellular functions involving thiol-dependent redox mechanisms. Gpxs reduce hydrogen and lipid peroxides using GSH as a cofactor, which is subsequently recycled by glutathione reductases (25) . TRs catalyze the NADPH-dependent reduction of oxidized thioredoxin and, therefore, participate in the defense against oxidative stress during DNA synthesis and in redox signaling (26) . In addition to thioredoxin, a vast range of small molecules can also be reduced by TRs and participate in its antioxidant function. In parallel, the ER-resident selenoproteins, which include SelS, SelK, Sel15, and SelM, have important functions in protein folding and the ER stress response (27) . ROS can severely damage a variety of macromolecules, including proteins, lipids, and nucleic acids. Depending on the nature of oxidative damage, these oxidized molecules can be repaired by various cellular machineries, several of which involve selenoproteins such as Gpxs, SelX, or TRs. When ROS production is overwhelming, oxidized macromolecules accumulate, hamper biological functions, and lead to pathological conditions. Down-regulation of selenoprotein expression is expected to increase ROS production and ER stress, which would lead to accumulation of oxidized molecules and DNA damage, and to impair cellular homeostasis and cell cycle progression. Accumulation of ROS-induced cellular damage is associated with cancer, neurological disorders, atherosclerosis, inflammation, and aging. ROS have been proposed to link the selenium activity in mammals with these pathologies (28) .
The transcriptional regulation of the antioxidant defense has been well described in response to oxidative stress. ROS induce a rapid activation of the NRF2 and NF-B transcription factors (29) . Their targets include a multitude of genes involved in the stress response, antioxidant activity, the anti-inflammatory response, DNA repair, molecular chaperones, proteasome systems, and two selenoproteins, Gpx2 (mostly expressed in the intestine) and TR1 (an essential cytoplasmic enzyme). The degree of expression of these genes involves other transcription factors (30, 31) . A link between selenium, selenoprotein expression, and the antioxidant response has been established via NRF2, which is induced in certain cell lines during severe selenium deficiency or complete loss of selenoproteins obtained by tRNA Sec gene inactivation (32) . The remarkable feature of selenoprotein expression lies in the many levels of control. Indeed, the complex network of regulation during transcription, trans-lation, and mRNA stabilization allows a hierarchical expression of these antioxidant components (6) . Whether and how the selenoproteins that are involved in antioxidant defense are regulated by oxidative stress remains to be studied.
In this work, we investigated the regulation of selenoprotein expression in the context of H 2 O 2 -induced oxidative stress as a function of selenium concentration in the culture media, defined as control (Ctrl) and supplemented (Sup) conditions. We used HEK293 cells in our study because selenoproteins are expressed at significant levels in this cell line (23, 24) and also because we developed cellular tools to quantitatively study the recoding of UGA as selenocysteine in this particular cell line (23) . We found that down-regulation of the antioxidant defense in the Ctrl condition was linked to a selective reduction of several selenoproteins. Thus, HEK293 cells grown in seleniumlimiting conditions produced more ROS, accumulated more oxidized proteins, and were more sensitive to oxidative challenge. Remarkably, in this condition (i.e. Ctrl), several selenoproteins, including Gpx1, Gpx4, TR1, SelS, SelK, and Sps2, were specifically up-regulated by H 2 O 2 treatment. However, only limited changes were observed in the Sup condition. We determined that H 2 O 2 -induced up-regulation of selenoproteins is due to a novel translational control mechanism leading to the stimulation of UGA recoding efficiency in selenoprotein mRNAs.
EXPERIMENTAL PROCEDURES
Material and Chemicals-Luciferase reporter plasmids and cell lines were generated as in Refs. 23, 24) . Cell culture media, FCS, and supplements were purchased from Invitrogen. H 2 O 2 , t-BHP, Cu-OOH, NADPH, thioredoxin, L-GSH, glutathione reductase, and 5,5Ј-dithio-bis(2-dinitrobenzoic acid) were purchased from Sigma-Aldrich. Antibodies were purchased from Euromedex (Gpx1, catalog no. 2971; Gpx4, catalog no. 3649-1; TR1, catalog no. LF-MA0015; Sel15, catalog no. 3364; and SelP, catalog no. 3718), Sigma-Aldrich (SelS, catalog no. HPA010025; TR2, catalog no. HPA003323; actin, catalog no. A1978; tubulin, catalog no. T9026), Covalab (EFsec (23)), and ProteinTech Group (SBP2, catalog no. 1289-1-AP).
Cell Lines and Cell Culture Conditions-HEK293 cells (Invitrogen) were grown and maintained as described in Ref. 23, 24. Ctrl and Sup culture media were made according to Refs. 23, 24) and the references therein. The same lot number of FCS was used in all experiments because selenium is provided by this source. The selenium concentration in the Ctrl medium was determined by inductively coupled plasma mass spectrometry (ICP-MS) to be 15 nM. Sup medium was made by adding 30 nM sodium selenite to the Ctrl medium, and, therefore, it contained 45 nM selenium. One day prior to H 2 O 2 exposure, cells were plated in 100-mm dishes in either Ctrl or Sup medium. When the cells reached 70% confluency, the medium was changed to a freshly prepared solution of FCS-free DMEM that contained different concentrations of H 2 O 2 , Cu-OOH, or t-BHP as indicated. After 30 min of exposure, the media were removed and replaced by the appropriate ones. Cell extracts were harvested 24 h post-treatment in 300 l of lysis buffer (23, 24) . Cellular fractionations were performed with the ProteoJET cytoplasmic and nuclear protein extraction kit (Fermentas) following the instructions of the manufacturer. Protein concentrations were measured using the DC kit (Bio-Rad) in microplate assays.
Measurement of Mitochondrial Superoxide Production-HEK293 cells that were grown in Ctrl or Sup medium were incubated with 5 M MitoSOX TM Red (Invitrogen) for 15 min at 37°C in 5% CO 2 . Antimycine A (2.5 g/ml), an inhibitor of respiratory complex III, was added as indicated. Oxidation of MitoSOX TM Red reagent by superoxide produced red fluorescence that was measured as a function of time on a Partech flow cytometer according to the instructions of the manufacturer. Fluorescence kinetics were determined from three independent experiments.
Cell Cycle Analysis-HEK293 cells were seeded in 6-well plates and grown in either Ctrl or Sup medium for 1 day. Cells were treated with 0 or 300 M H 2 O 2 for 30 min in serum-free medium and then harvested 24 h later. Cells were fixed in 70% ethanol/PBS for 2 h at Ϫ20°C, rehydrated in PBS, and stained for 2 h at 37°C with propidium iodide (50 g/ml) and RNase A (250 g/ml). Cell fluorescence was then analyzed by flow cytometry. Cell cycle analyses were done using Flowmax and Multicycle software.
Immunoblotting-Protein extracts (50 g) were separated in BisTris NuPAGE Novex Midi gels (Invitrogen). Proteins were transferred onto nitrocellulose membranes that were probed with primary antibodies (as indicated) and HRP-conjugated anti-rabbit or anti-mouse secondary antibodies. Detection of total carbonyl contents in cell extracts was performed with the Oxyblot TM protein oxidation detection kit (Millipore). Protein carbonyls from cell extracts (5 g) were derived using 2,4-dinitrophenylhydrazine, separated on a 10% SDS-PAGE, transferred to a nitrocellulose membrane, and detected with an anti-2,4-dinitrophenol antibody according to the instructions of the manufacturer. The chemiluminescence signal was detected using an ECL Advance Western blotting detection kit (GE Healthcare) and an LAS3000 charge-coupled device (CCD) camera (GE Healthcare).
Enzymatic Activities-Gpx activity was measured in an enzymatic coupled assay according to methods described previously (19) . The reaction mixture was composed of 50 g of protein extract, 0.25 mM NADPH, 2 mM reduced L-glutathione, and 1.5 IU of glutathione reductase adjusted to a total volume of 250 l with 50 mM potassium phosphate buffer (pH 7.5). The reaction was started by the addition of 300 nM t-BHP, and consumption of NAPDH was followed at 340 nm with a Fluostar reader. Enzymatic activities were expressed as nanomoles of glutathione per minute per milligram (milliunits per milligram of protein). TR activity was measured as described in Ref. 33 . Briefly, the catalytic reduction of oxidized thioredoxin by TR is coupled with the oxidation of one molecule of NADPH. In this work, the recycling of NADP in NADPH is associated with the conversion of 5,5Ј-dithio-bis(2-dinitrobenzoic acid) to 5-thio-2-nitrobenzoic acid, which is visible at 410 nm. The reaction mixture was composed of 50 g of protein extract, 0.2 mM NADPH, 10 mM EDTA, and 0.2 mg/ml BSA, adjusted to a total volume of 250 l with 50 mM potassium phosphate buffer (pH 7.5). The reaction was started by the addition of 25 mM 5,5Ј-dithio-bis(2-dinitrobenzoic acid), and the production of 5-thio-2-nitrobenzoic acid was followed at 340 nm with a Fluostar reader. Enzymatic activities were expressed as nanomoles of NADPH per minute per milligram (milliunits per milligram of protein). In every enzymatic analysis, the assays were performed in duplicate in three independent experiments.
RNA Extraction and RT Quantitative PCR-Total RNAs were extracted using the Nucleospin RNA II kit (Macherey Nagel). Synthesis of cDNA was carried out using a Transcriptor high-fidelity cDNA synthesis kit (Roche Applied Science) according to the instructions of the manufacturer. Real-time PCR was performed in triplicate using LightCycler 480 SYBR Green I Master (Roche Applied Science). The PCR program was 95°C for 5 min, 45 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s. Data were analyzed using LightCycler 480 software and normalized relative to the mRNA levels of Hrpt. The primers used are described in Ref. 34 .
Evaluation of UGA Recoding Efficiency Using Luciferase Activity-HEK293 cells that stably express the Luc UGA/Gpx4 or Luc UGA/Gpx1 constructs (23) were plated in the different culture media 1 day prior to H 2 O 2 , Cu-OOH, or t-BHP exposure. Cells were harvested 24 h later in lysis buffer and analyzed for luciferase activity as described in Refs. 23, 24 with a Lumistar reader (BMGLabtech). Luciferase activity in arbitrary units was expressed relative to micrograms of protein.
Fluorescence Microscopy-Cells were seeded on coverslips in 6-well plates, treated as described above, washed with PBS, fixed in 4% paraformaldehyde/PBS for 15 min at room temperature, permeabilized with 0.5% Triton/PBS for 8 min, and blocked in 1% BSA/PBS for 30 min. Coverslips were incubated with anti-SBP2 antibody at 4°C overnight, washed with PBS, and incubated with an Alexa Fluor 488 dye-conjugated antirabbit secondary antibody. Nuclei were stained with DAPI. Epifluorescence images were captured in 10 z-sections on an AxioOberver Z1 microscope (Zeiss) equipped with an Evolve electron multiplying charge-coupled device (EMCCD) camera (Roper Scientific). Image analysis was performed with National Institutes of Health ImageJ software.
RESULTS

The Proliferation of HEK293 Cells Is Induced in Response to
Oxidative Stress-We grew HEK293 cells in Ctrl and Sup culture media that contained 15 and 45 nM of selenium, respectively. These conditions have been shown previously to regulate selenoprotein expression in various cell lines after 24 h (18 -21, 23) . In most cases, Ctrl medium is considered to be a seleniumlimiting condition (16, 35) . To evaluate the impact of H 2 O 2 treatment on cell proliferation at two selenium levels, we analyzed cell morphology by optical microscopy (Fig. 1A ) and the cell cycle profile by flow cytometry (Fig. 1, B and C) . First, we noted that H 2 O 2 -treated cells reached a higher confluence 24 h post-treatment ( Fig. 1A ), in comparison with untreated cells, under both Ctrl and Sup conditions. This result suggested that H 2 O 2 treatment stimulated cell growth and did not induce cell cycle arrest. To confirm this observation, we analyzed the influence of both selenium and oxidative stress on the cell cycle profile by quantifying the DNA amount per cell using propidium iodide staining (Fig. 1, B and C) . We noted that selenium concentration had virtually no effect on the cell cycle profile. However, a profound alteration of the cell cycle profile was found in cells treated with H 2 O 2 . Cell proliferation was stimulated strongly, as illustrated by the increased ratio of cells in G 2 versus G 1 phase (Fig. 1C ). Our results show that cell proliferation is highly sensitive to H 2 O 2 treatment, independent of the selenium concentration.
Selenium Concentration Modified the Oxidative Status and Antioxidant Capacity of HEK293 Cells-The levels of selenium greatly regulate the expression of several selenoproteins involved in antioxidant defense and, therefore, could alter the steady-state levels of ROS produced in living cells. ROS are essential signaling molecules that transduce signals from the mitochondria to other compartments of the cell and alter cell cycle progression. To evaluate the steady-state levels of ROS produced in mitochondria of living cells as a function of selenium levels, we used a fluorescent probe ( Fig. 2A ). We observed that the rate production of the MitoSOX red signal was similar under Ctrl and Sup conditions. To evaluate how mitochondrial function in antioxidant defense is modulated by selenium levels, we challenged the HEK293 cells grown initially in the different media with a complex III inhibitor. Under Ctrl condi-tions, the addition of antimycine led to a 2-fold increase in the rate production of ROS, whereas no effect was detected under Sup conditions. Taken together, our results suggest that selenium levels, which modulate selenoprotein expression, greatly impact ROS production and the antioxidant capacity of the cell. Therefore, the increased expression levels of several selenoproteins under Sup conditions may participate in the efficient scavenging of ROS when cells are challenged with oxidative stress.
When ROS are generated, they react with different components in various cellular compartments to generate oxidized macromolecules that accumulate thereafter. Among the various oxidative lesions, protein carbonylation has been used extensively to monitor oxidative damage. Therefore, to evaluate the impact of selenium levels on ROS-induced cellular damage, we analyzed the presence of carbonylated proteins in extracts from cells grown under Ctrl and Sup conditions with or without H 2 O 2 treatment. As illustrated in Fig. 2B , the levels of oxidized proteins detected 24 h post-treatment were inversely correlated to the levels of selenium in the culture media. An approximate 2-fold increase in carbonylated proteins was observed between the Ctrl and Sup extracts, demonstrating the important role of selenium in protecting cells against oxidative damage. Then, when we challenged HEK293 cells with H 2 O 2 , we confirmed that selenium supplementation conferred almost complete resistance to oxidative stress, in contrast to the Ctrl conditions ( Fig. 2B) .
Selenium Levels Influenced the Response of Selenoprotein Expression to Oxidative Stress-The response to H 2 O 2 -induced oxidative stress is highly dependent on selenium levels in the growth media. We wanted to identify which selenoproteins were altered by selenium concentration and how H 2 O 2 treatment subsequently modified their expression. Therefore, we performed extensive analyses of the well characterized members of the selenoproteome at the levels of mRNA, protein, and enzymatic activities. Among the Gpxs, only Gpx1 and Gpx4, which are expressed ubiquitously in the cytoplasm and mito- chondria, respectively, are abundant in HEK293 cells. TR1 and TR2 are expressed ubiquitously in the cytoplasm and mitochondria, respectively, whereas TR3 is only detected in the testis in the nucleus or ER. Selenoproteins that are present in the ER have been shown recently to participate in protein folding with the assistance of ER chaperones and/or ER-associated degradation of misfolded proteins (27) . Sps2 (selenophosphate synthetase 2) participates in selenocysteine tRNA biosynthesis and, therefore, controls selenoprotein expression. Given the availability of enzymatic assays, Gpx and TR activities were evaluated 24 h post-treatment under the different growth conditions (Fig. 3, A and B, respectively) . First, we confirmed that these selenoprotein activities were stimulated by selenium bioavailability of the culture media. Interestingly, Gpx was approximately two times more sensitive to selenium variation than TR. In the context of H 2 O 2 treatment, a significant stimulation of Gpx and TR activities was detected under Ctrl but not Sup conditions. This result indicates that Gpx and TR were induced via the antioxidant defense mechanism in response to oxidative stress. However, as observed in Fig. 2 , this activation was not sufficient to control the rate of ROS production or prevent the protein oxidation under Ctrl conditions. On the contrary, selenium supplementation, which induced the levels of Gpx and TR activities, seemed sufficient to cope with oxidative stress.
To understand the hierarchy of the selenoprotein expression in response to selenium variation and oxidative stress, we performed Western blot analyses for TR1, TR2, Gpx1, Gpx4, SelS, SelM, SelK, SelP, and Sps2 under different conditions (Fig. 3C ). Our first observation was that, even though Western immunoblotting is a semiquantitative methodology, selenoproteins are differentially regulated by selenium levels, with the following hierarchy (from highly to poorly regulated): SelK Ͼ Gpx1 Ͼ Gpx4, TR1 Ͼ SelS, SelP, SelM, TR2 Ͼ Sps2 (Fig. 3, C and D) . Then, in agreement with enzymatic activities for Gpx and TR, we observed that selenoprotein expression was differentially regulated by H 2 O 2 treatment in Ctrl medium. Indeed, although Gpx1, Sps2 and SelK were highly stimulated by oxidative stress treatment, Gpx4, SelS, and TR1 were increased only moderately, but significantly (see Fig. 3C ). Strikingly, the levels of TR2, which is the only mitochondrial TR, was decreased moderately in response to H 2 O 2 treatment under both Ctrl and Sup conditions (Fig. 3D) . In contrast, the expression of SelP remained unchanged (Fig. 3D) . Interestingly, for all selenoproteins except for Sps2 and TR2, no variation was noted under the Sup condition in response to H 2 O 2 , again demonstrating a strong influence of selenium bioavailability in the response to oxidative stress. Selenoprotein mRNA Levels Were Regulated Poorly by Selenium Availability and Oxidative Stress-Regulation of gene expression at the level of transcription or mRNA stability is a well characterized response to oxidative stress. First, the activation of NRF2 and NF-B transcription factors by H 2 O 2 treatment could potentially target several selenoprotein genes (36) . In addition, nonsense-mediated mRNA decay, which is a quality control mechanism that selectively degrades mRNAs harboring a premature stop (also referred as nonsense) codon, could also alter selenoprotein expression. In fact, depending on the animal tissue or mammalian cell line, only a limited subset of selenoprotein mRNAs were sensitive to selenium variation, including Gpx1, SelH, SelW (37) , and Gpx4 (38) . In HEK293 cells, 20 selenoprotein mRNA levels were measured over several orders of magnitude among the 25 encoded in the genome, with Gpx2, Gpx6, and Dio1/2 and 3 being undetectable. Surprisingly, we observed very modest changes in selenoprotein mRNA levels in response to selenium and/or H 2 O 2 treatment (Fig. 4) . First, we found that only the levels of SelT mRNA were significantly up-regulated between Ctrl and Sup conditions, whereas the other 19 selenoprotein mRNAs remained insensitive to selenium variation (Fig. 4A ). In addition, we found that only a few mRNAs were moderately affected by H 2 O 2 exposure (Fig. 4, B and C) . SelN, SelX, Sel15, and SelT mRNAs were down-regulated after oxidative stress. Interestingly, this alteration was only observed in Sup medium for the TR1 and Sel15 mRNAs. SelX and SelN mRNAs were reduced by 50 -70% in response to H 2 O 2 treatment under both Ctrl and Sup conditions. Our data indicate a selective but limited redox control of selenoprotein mRNA abundance and suggest a more pronounced translational control of selenoprotein expression.
Efficiency of Selenocysteine Insertion in Selenoproteins Was Highly Regulated in Response to
Oxidative Stress-The unusual translational mechanism involved in selenoprotein synthesis is a checkpoint that can be modulated by environmental stimuli. It is well documented that selenium stimulates selenoprotein expression by increasing the UGA-selenocysteine recoding efficiency. To determine whether the change in selenoprotein expression observed in response to oxidative stress is linked to a change in selenocysteine insertion efficiency, we used our HEK293 cell lines that stably express luciferase reporter constructs (23) . These cells were specifically designed to quantify UGA recoding activity. Briefly, the luciferase coding sequence is interrupted by a UGA codon that can be recoded as selenocysteine when a SECIS element is cloned into the 3Ј UTR (Fig.   5A ), allowing the production of a fully active enzyme. However, when the UGA codon is read as a stop signal, a truncated and, therefore, inactive protein is produced. The nature of the SECIS determines the response to selenium variation (23, 39) . Our cell lines transfected with the reporter containing the SECIS from either Gpx4 or Gpx1 were named Luc UGA/gpx4 and Luc UGA/gpx1, respectively. As observed in previous work (23) and in Fig. 5 , luciferase activity was highly dependent on selenium availability. A dose-response experiment with 50, 150, and 300 M H 2 O 2 was performed with the Luc UGA/gpx4 cell line in comparison to untreated cells. Interestingly, as illustrated in Fig. 5B for Ctrl medium (dark gray bars), oxidative stress induced a 5-fold increase in UGA recoding efficiency. In contrast, in cells grown in Sup medium (Fig. 5B, light gray bars) , the luciferase activity was only slightly stimulated by H 2 O 2 treatment. To take into account a possible variation in luciferase transcript levels, we performed RT quantitative PCR analyses (Fig. 5C ). We observed a modest but significant increase in luciferase mRNA levels in response to H 2 O 2 treatment. These changes minimize the effect of oxidative stress on UGA recoding in Sup medium (Fig. 5D ). Therefore, the differential response of UGA recoding to oxidative stress as a function of selenium levels is in agreement with our observation from enzymatic activities and Western blot analyses. It is clear that the enhancement of the selenocysteine insertion efficiency in response to H 2 O 2 treatment is the main regulator of selenoprotein expression under Ctrl conditions. To extend our analysis to different sources of oxidative stress, we used cumene hydroperoxide (Cu-OOH) or t-BHP instead of H 2 O 2 . As illustrated in Fig. 5 , E and F, we observed very similar effects for the different molecules with a strong stimulation of luciferase activity. Similar to H 2 O 2 treatment, the enhancement is greater under Ctrl conditions than under Sup conditions. Interestingly, when we performed time course analyses, as shown in Fig. 5 , G and H, the H 2 O 2 -induced up-regulation of luciferase activities was not detected 8 h post-treatment but, instead, only after 24 h, lasting for at least 48 h. In addition, we observed that the kinetics of UGA recoding stimulation in response to H 2 O 2 treatment were very similar between Luc UGA/gpx4 and Luc UGA/gpx1, suggesting an upregulation of selenocysteine insertion independent of the nature of the SECIS element. The kinetic response was also very similar regardless of which selenium condition was used. Our results demonstrate that exogenous oxidative stress stimulates UGA recoding efficiency within 24 -48 h post-treatment.
Cellular Relocalization of Recoding Factors Was Induced by Oxidative Stress-Previous work performed in different cell lines (HEK293, MSTO-211, HeLa, and COS7) identified a functional nuclear localization signal and nuclear export signals in SBP2 and EFsec (40, 41) . The nucleocytoplasmic shuttling of selenocysteine insertion machinery members was dependent on the CRM1 transporter and ensured the proper assembly of selenoprotein mRNP complexes in the nucleus for efficient cytoplasmic translation (40, 41) . Interestingly, in response to oxidative stress, a nuclear translocation of SBP2 was transiently observed in HEK293 and HeLa cells in culture medium containing high levels of selenium, similar to our Sup condition (41, 42) . In HEK293 cells, we found that the expression levels of SBP2, EFsec, and L30 recoding factors are insensitive to selenium variation and to oxidative stress ( Fig. 6A and Ref. 23 ). However, using immunohistochemistry and fluorescence microscopy, we observed changes in the cellular localization of endogenous SBP2 (Fig. 6B) . The signal was essentially cytoplasmic under Ctrl condition, as observed previously (40) . Interestingly, under our conditions, H 2 O 2 treatment induced a partial nuclear translocation of SBP2 (Fig. 6B) , confirming the nucleocytoplasmic shuttling of this recoding factor, as reported ini-tially in Ref. 41 . To confirm this relocalization and extend our analyses to EFsec and L30, we performed a Western blot analysis on nuclear and cytoplasmic fractions (Fig. 6C) . Interestingly, although the overall levels of recoding factors remained constant under all conditions (Fig. 6A ), we noted a difference in the nuclear abundance of SBP2 and L30 in response to H 2 O 2 treatment. A modest nuclear relocalization of EFsec upon oxidative stress was only observed in Ctrl medium. Our results suggested that the nucleocytoplasmic shuttling of several com- Fig. 1 . The steady-state levels of mRNAs were measured by RT quantitative PCR and normalized to Hrpt mRNA. The data represent the mean Ϯ S.D. of three independent experiments in a logarithmic scale. Differences greater than 50% between levels that are significant (*, p Ͻ 0.05) are indicated within the histograms. The influence of selenium is shown in A. The responses to oxidative stress under Ctrl and Sup conditions are represented in B and C, respectively. ponents involved in the selenocysteine insertion machinery modified the efficiency of UGA recoding and, therefore, selenoprotein levels.
DISCUSSION
In this work, we demonstrate the preponderant role of the selenoproteome in the antioxidant capacity and cellular response to oxidative stress in HEK293 cells. Among the nine selenoproteins studied here, six (Gpx1, SelK, Sps2, Gpx4, TR1, SelS, and Sps2) were differentially up-regulated by H 2 O 2 treatment. Strikingly, a more effective response was obtained when selenium was limiting. This novel regulation of selenoprotein expression occurred at the level of translation by a stimulation of UGA recoding efficiency. As hypothesized before, but never proven, our studies establish oxidative stress as a new stimulus of selenoprotein expression.
The expression of the selenoproteome is tightly controlled by selenium levels in the blood for mammals or culture medium for cell models. Here we provide evidence for a link between selenium concentration in the growth medium and the antioxidant potential of HEK293 cells. Our results strongly suggest that cells are much more responsive to damage from exogenous stimuli in Ctrl than in Sup media. In response to oxidative stress, we observed changes in the cell cycle profile, the mitochondrial rate of ROS production, the relative amount of ROSinduced damage to proteins, and selenoprotein expression because of modulation of translational efficiency and relocalization of recoding factors. We report that cells grown in Ctrl medium failed to actively cope with oxidative stress despite the stimulation of many selenoproteins involved in peroxide elimination (Gpx), thiol metabolism (TR), ER stress response (SelS and SelK), and selenoprotein biosynthesis. The most likely explanation is that this up-regulation often did not reach the levels observed under Sup conditions. When supplemented with selenium, HEK293 cells seem to express optimal levels of selenoproteins to reduce oxidative stress and were, therefore, responding poorly to this stimulus. The narrow range of control of antioxidant capacity by selenium must be seriously considered because its concentration in commercial calf serum is highly variable. It follows that our Sup medium could correspond to control conditions in other studies. As reported in Ref. 35 , the concentration of selenium in seven independent calf sera varied from 164.6 -582.6 nM. This variability in selenium content of cell culture serum could greatly influence redoxregulated gene expression and may be responsible for generating contradictory results. For example, the response to oxidative stress treatment induced by 150 M t-BHP on reporter constructs was higher in less concentrated calf sera than in the naturally abundant counterpart in which the effect was barely detectable (35) . This is in agreement with our differential upregulation of the selenoproteome by H 2 O 2 treatment as a function of selenium levels in Sup and Ctrl media. Therefore, this variability could explain why, unexpectedly, H 2 O 2 treatment did not up-regulate any selenoproteins (41) because the serum used (Supreme serum, Cambriex) was reported in Ref. 35 to have the highest selenium content (582.6 nM). This concentration is higher than our Sup medium where the cells were virtually insensitive to moderate oxidative stress (Fig. 2) . In light of the information in Ref. 35 and this study, we respectfully advisee the research community working with oxidative stress to consider the concentration of selenium in the culture serum for the proper interpretation of their data. The role of selenoproteins in antioxidant defense and redox homeostasis is mediated by the presence of a selenocysteine residue at the active site of enzymes that are usually involved in oxidoreduction catalysis. The physiological relevance of the whole selenoproteome or its individual members has been partially elucidated by knockout/transgenic animal models, human genetic inherited diseases, and cellular models. With animal models, it appeared that, although many different phenotypes were characterized, selenoproteins operate at many levels to protect the cells against oxidative stress and maintain redox homeostasis (43, 44) . Concerning human inherited diseases, only mutations in SBP2 and SelN have been characterized to date (45) (46) (47) (48) . Mutations in the recoding factor SBP2 gene that caused a defect in almost all selenoprotein expression led to a severe and complex phenotype, including increased cellular ROS and susceptibility to ultraviolet radiation-induced oxidative damage in skin (46) . Mutations in the SelN gene caused a novel early-onset muscle disorder and led to a severe myopathy. Fibroblast and myoblast primary cultures from these patients displayed abnormal susceptibility to H 2 O 2 stress and increased oxidative damage (49) . In parallel, in cellular models, SBP2 knockdown also increased the sensitivity to oxidative stress in terms of cell viability, ROS levels, DNA damage, stress granules, and lipid peroxidation (50) . In this study, we demonstrated that the selenoproteome is implicated in the antioxidant response in several crucial cell compartments: mitochondria (Gpx4), the cytoplasm (Sps2, Gpx1 and TR1), the ER (SelS, SelK), and the nucleus (Gpx4), with many cellular consequences. The use of cellular or animal models that are deficient in one or several selenoproteins would be important to understand the precise role of this antioxidant response in cell physiology. In addition, our luciferase reporter construct is particularly useful for rapidly and precisely monitoring selenocysteine insertion capacity in response to exogenous stimuli. It would be of particular interest to analyze whether this antioxidant response is similar in other models, such as cancerous cells or redox-related pathologies in which selenoproteins are particularly involved. Our results could pave the way for a better understanding of the role of selenium in antioxidant defense through the comprehensive analysis of the selenoproteome. The antioxidant response has been largely described as a drastic change in gene expression through the activation of transcription factors that include NF-B and NRF2. However to date, the transcriptional regulation of mammalian selenoproteins by oxidative stress has been only studied in silico or in restricted contexts (as reviewed in Ref. 36) . A link between NRF2 and selenium metabolism has been characterized, but this depended on the tissue analyzed (51, 52) . In HEK293 cells, we observed very little regulation of selenoprotein mRNA levels as a function of selenium bioavailability or oxidative stress, even though selenoprotein expression was modulated dramatically, indicating a specific translational control of this family of proteins in the cell line analyzed.
The regulation of selenoprotein expression has been mostly studied in response to selenium status. Selenium selectively controls the relative expression of different selenoproteins, primarily at the translational level, presumably to maintain vital enzymes at the expense of others (18 -21) . Very little work has been done on selenoprotein regulation by oxidative stress or in selenium-rich conditions (41, 42) . The SECIS element, present in the 3Ј UTRs of selenoprotein mRNAs, is considered the main player in this translational regulation, together with its interacting partners. Indeed, the SECIS serves as a platform for mRNP assembly that subsequently dictates the efficiency of selenoprotein mRNA translation by the ribosome (23, 24, 39) . The stoichiometry and the nature of mRNP complexes present in the nucleus and cytoplasm remain to be determined. Several studies suggest that the nuclear assembly of selenocysteine incorporation complexes on selenoprotein mRNAs prior to nucleocytoplasmic export could contribute significantly to the efficiency of selenoprotein synthesis, as illustrated in Fig. 7 (12,  41) . SBP2, EFsec, and L30 have nuclear and cytoplasmic local- ization (40, 41) , but the change in nucleocytoplasmic shuttling in response to exogenous stimuli has only been characterized for SBP2. The mechanism of relocalization has not yet been elucidated, but the reversible oxidation of redox-sensitive cysteine residues has been proposed (40, 41) . Here, we found that H 2 O 2 treatment induced an increase in the nuclear localization of recoding factors SBP2, L30, and, to a lesser extent, EFsec. This finding supports the hypothesis that redox control of recoding factors subsequently influences the efficiency of selenoprotein expression. One could envision that, depending on the complexes formed upon the nuclear assembly of selenoprotein mRNPs, a selective regulation could be driven.
